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 An adsorption cogeneration was proposed and simulated for cooling and electricity.
 A dynamic model was built and studied to demonstrate the variability of the system.
 A dynamic model included the complex coupling of thermodynamic and chemical kinetic.
 Mutual constrains between main components and optimisation methods were discussed.
 The highest theoretical COP and exergy efﬁciency of cogeneration is 0.57 and 0.62.a r t i c l e i n f o
Article history:
Received 3 June 2013
Received in revised form 5 December 2013
Accepted 6 January 2014
Available online 1 February 2014
Keywords:
Cogeneration
Chemisorption
Scroll expander
Numerical modelling
Power generation
Refrigerationa b s t r a c t
The present work for the ﬁrst time explores the possibility of a small-scale cogeneration unit by combin-
ing solid–gas chemisorption refrigeration cycle and a scroll expander. The innovation in this work is the
capability of producing refrigeration and electricity continuously and simultaneously without aggravat-
ing the energy scarcity and environmental impact. Individual modelling for each component, which has
been validated by experimental data, was ﬁrstly investigated in order to identify the proper operation
condition for the cogeneration mode achieving 1000W power output. Subsequently, with the integrated
modelling of two components the cogeneration performance was studied to demonstrate the viability of
this concept. However, because of the mutual constraint between the chemisorption and the expansion
when they link in series, the power output of the cogeneration mode was only around one third of the
original expectation under the same condition identiﬁed in the individual modelling. Methods of improv-
ing the global performance including the selection of reactive mediums were also discussed and would be
of referable value for the future practical investigation.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The Digest of United Kingdom Energy Statistics (DUKES) has
estimated that over 80% and 30% of the demand for coal and natu-
ral gas, respectively, have been from major power producers over
the last decade, which meanwhile is responsible for about one-
quarter of total CO2 emission in UK [1]. The dominated ﬁnal elec-
tricity consumer in UK has been always the residential sector,
the consumption of which increased by 58% between 1970 and
2011 [1]. More than 7% of total electricity generation has been lost
through the transmission and distribution system in UK, and sur-
prisingly this ﬁgure is higher than that of other major European
countries those have even lower population density, such as Spain,
France and Germany [2]. Therefore, with the pressure to reducefuel demand, to cut greenhouse gas emissions by 80% comparing
to the level of 1990 by 2050 [3] and also to minimise the transmis-
sion and distribution losses, the domestic small-scale, distributed
electric generators are required to assist households to reduce
the carbon footprint of their homes.
There is increasing number of the domestic small-scale electric
power generation systems (66 kW) around the world employing
renewable energy resources, like wind turbines, solar panels, hydro
turbines, geothermal heat, etc. [4]. Among those the cogeneration
or tri-generation system (such as CCHP, combined cooling, heat
and power) which yields multi-product to meet the daily demand
of the average household are fairly attractive due to the further
strengthened energy utilisation efﬁciency. For cogeneration of
cooling and electricity or even CCHP, thermally driven refrigeration
like absorption/adsorption is always one of the important technical
strategies, where the ammonia as the working medium has been
extensively engaged with thanks to its desirable characteristics
of superior thermodynamic qualities, zero ODP and zero GWP.
Nomenclature
A area (m2)
Ca, Cr axial, radial clearance (m)
COP coefﬁcient of performance (–)
cp heat capacity (J/kg/K)
Ft force (N)
fa, fr axial, radial ﬂow coefﬁcient (–)
fEG mass fraction (–)
H height (m)
DHr reaction heat (J/mol (NH3))
h heat transfer coefﬁcient (W/m2/K)
h enthalpy (J/kg)
h^ speciﬁc enthalpy on a molar basis (J/mol)
I armature current (A)
Js, JL moment of inertia of scroll and load (kg m2)
k expansion index (–)
ks, kL friction coefﬁcient of scroll and load (kg m2/s)
ke coefﬁcient of back electromotive force (V s/rad)
kt coefﬁcient of torque sensitivity (N m/A)
La axial clearance length (m)
Lar armature inductance (H)
m mass (kg)
M molar mass (kg/mol)
Mt driving torque (N m)
_m mass ﬂow rate (kg/s)
n molar number (mol)
P pressure (Pa)
Pit scroll pitch (m)
Power power (W)
Q heat (J)
r basic circle radius (m)
R resistance (X)
RC gas constant (J/mol/K)
Ror orbiting radius (m)
t time (s)
tw wrap thickness (m)
T temperature (K)
TL load torque (N m)
UA overall heat exchange coefﬁcient (W/K)
V volume (m3)
W work (W)
x reaction conversion (–)
[X] molar volumetric concentration (mol/m3)
Greek letters
a initial angle of involute
d thickness (m)
e porosity (–)
e
0
pressure ratio (–)
g efﬁciency (-)
h rotation angle (rad)
k thermal conductivity (W/m/K)
m molar volume (m3/mol)
q density (kg/m3)
x angular velocity (rad/s)
Subscripts
a axial
ar armature
EG expanded graphite
b bulk
c constraint
des desorption
eq equilibrium
ex exergy
f ﬂuid
i chamber number
in inlet
L load
mech mechanical
out outlet
r reactant
ref refrigeration
s salt
shaft shaft
syn synthesis
S2 MnCl22NH3
s6 MnCl26NH3
tec technical
therm thermal
w wall
352 H. Bao et al. / Applied Energy 119 (2014) 351–362Moreover, from an economic perspective, ammonia refrigeration is
the most cost effective and energy efﬁcient method of processing
and storing frozen and unfrozen foods. Although ammonia is poi-
sonous and ﬂammable in high concentrations, two factors mitigate
this risk: its distinctive smell is detectable at concentrations well
below those considered to be dangerous, and ammonia is lighter
than air, it will rise and dissipate in the atmosphere on its leakage.
Various of well-recognised organisations such as BREEAM (Build-
ing Research Establishment Environmental Assessment Method,
UK), UNEP (The United Nations Environmental Programme), and
ASHRAE (American Society of Heating, Refrigerating and Air-Con-
ditioning Engineers, Inc.). have given decent credits to ammonia
and been promoting a variety of programs to preserve the eco-
nomic beneﬁts of ammonia refrigeration while providing for the
management of risks [5].
An absorption cogeneration cycle producing cooling and electric
power simultaneously was proposed by Goswami in 1995 [6].
Goswami cycle employs the binary mixture of ammonia and water
as the working ﬂuid and the rich-ammonia solution from therectiﬁer expands through a turbine, which is supposed to exit the
turbine with a cold temperature and that is how it generates refrig-
eration. Hasan et al. [7] numerically analysed the energy and exer-
gy efﬁciency of this cycle, and concluded that solar thermal energy
at 77 C could achieve an exergy efﬁciency higher than 0.6, the
thermal efﬁciency of refrigeration and power generation with
127 C heat source were 0.01 and 0.15, respectively. As a matter
of fact, in realistic situation the cooling capacity probably would
be much lower or even null as it could be attributed to the fact that
at the exit of the turbine the rich ammonia binary mixture likely
remains as wet vapour, rather than at liquid state to be vaporising
for refrigeration [8].
Ammonia absorption power/cooling (APC) combined cycle
emerged later as an improved cycle by employing a throttle valve
to ensure the sub-cooling state before vaporisation. However, the
complex design of APC cycle undoubtedly compromises the com-
pactness of the system. Meanwhile it arouses the balance matching
issue between the power output and the cooling load [9,10]. The
thermal efﬁciency of cooling and net power reported by Liu and
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Fig. 1. P–T diagram of MnCl2/NH3 Ad-Cogen cycle.
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source and was presented as 0.06 and 0.21, respectively, while
the exergy efﬁciency was around 0.58.
This work proposes a new concept of cooling and power simul-
taneous generation—adsorption cogeneration cycle (Ad-Cogen cy-
cle), aimed to take full advantage of the merits of adsorption
technology over absorption to promote the cogeneration idea. Such
a cycle can be applied to small-scale household unit driven by solar
energy, alternatively it can be designed for medium or large cogen-
eration plant using industrial waste heat. Since adsorption gener-
ously provides extended utilisation domain of thermal energy,
from 50 C to 600 C, covering that of Goswami (80–150 C) and
APC (200–450 C) cycles, it is convenient to select different suitable
reactive candidates for different application circumstances.
Adsorption system possesses a much simpler construction requir-
ing easier operation and maintenance than that of absorption, such
as no need of a liquid pump or rectiﬁer or separator for refrigerant
and no presence of crystallization problems [11–13]. The Ad-Cogen
cycle theoretically embraces brighter prospect of cogeneration over
Goswami cycle especially in term of refrigeration. This is partially
because of the uncertainty of the exhausted working ﬂuid from
the expander in Goswami cycle as aforementioned. The refrigera-
tion efﬁciency of the Ad-Cogen cycle ideally could be expected
around 0.4. Moreover, the inherent intermittence of adsorption
could mitigate the negative interplay between the power genera-
tion phase and the cooling producing phase in a complete two-
phase cogeneration cycle to assure that vaporisation refrigeration
starts off with adequately liquid working ﬂuid. Besides, the inter-
mittence favours the energy storage and better energy manage-
ment. Considering these virtues of adsorption, it should be
encouraged to explore the exciting potential of Ad-Cogen system.
However, since the pure theoretical thermodynamic analysis of a
resorption cogeneration system byWang et al. [14] up to date there
has been no publicly available report or publication studying on dy-
namic modelling or experimental investigation of such a cogenera-
tion system yet. The presented work has for the ﬁrst time carried
out the numerical modelling study on an Ad-Cogen prototype to
demonstrate the system viability and to probe the inﬂuential ele-
ments on the system performance. In order to further seek better
knowledge for global system design and optimisation, this work
was also studying the preferable operation conditions and the
selection of the reactive salt complexes used in chemisorption part.
2. System design
As the principle of Ad-Cogen system being illustrated in Figs. 1
and 2 associated with the Clausius–Clapeyron diagram, one com-
plete Ad-Cogen cycle can be depicted in two steps with a short per-
iod of intermission:
(1) In the ﬁrst step (E–A–B), the Adsorbent Bed (Ad-Bed)
receives Qdes from external high temperature heat source.
Endothermic decomposition of the salt complex occurs once
the thermodynamic properties of it deviates from the equi-
librium line to some extent; at the same time the refrigerant
is desorbed at vapour state with high temperature and high
pressure and heads to the Expander for work output (Wout,
A–B), or for the electric power output if there is a generator
attached with the expander.
(2) Subsequently as the process B–C indicates the exhausted
refrigerant from expander is collected and cooled down in
the condenser simultaneously releasing Qcond to the ambient
and point C represents the saturated state of the refrigerant
at heat sink temperature of 20 C; afterwards, before the
next step starts the liquid refrigerant transfers from the con-
denser to the evaporator awaiting vaporisation.(3) In the next step (C–D–E), the Ad-Bed is subjected to isobaric
cooling at heat sink temperature (20 C) in order to regain
the adsorption ability; as soon as the thermodynamic prop-
erties of the reactive medium achieves a certain degree of
the equilibrium drop (equilibrium temperature drop or pres-
sure drop depending on the research preference) [15–17]
which is the main force driving the chemical reaction, exo-
thermal synthesis of the salt complex occurs associated with
releasing heat Qsyn. Meanwhile, the refrigerant vaporises in
the evaporator and extracts Qref from heat exchange medium
at low temperature TD (0 C represented in Fig. 1), conse-
quently producing cooling effect. Point D represents the sat-
urated state of the refrigerant at refrigeration temperature;
point E stands for the thermodynamic equilibrium state of
the salt complex.
The presented Ad-Cogen system prototype comprises with two
sets of the chemisorption cycle and a scroll expander for continu-
ous and simultaneous cooling and power generation. Therefore,
the two sub-Ad-Cogen sets jointly operate out of phase and pro-
mote the system performance as Fig. 2 illustrates. In Fig. 2(a), when
Ad-Bed 1 undergoes desorption cycle and supplies the expander
with vapour refrigerant for work output, Ad-Bed 2 extracts refrig-
erant from evaporator yielding refrigeration; in the next cycle, as
shown in Fig. 2(b), switch the valves and swap the hot and cooling
heat exchange ﬂuids, thus the Ad-Bed 1 inversely has adsorption
and Ad-Bed 2 runs desorption. Likewise, it keeps alternately
recurring.
The reactants are MnCl2 and ammonia as the adsorbent salt and
the adsorbate refrigerant, respectively, the following reversible
reaction occurs if the thermodynamic equilibrium drop is created.
MnCl2  2NH3 þ 4NH3 ¼ MnCl2  6NH3 þ 4DHr ð1Þ3. Simulation modelling and analysis methods
The study route to accomplish the goal was following steps as
below:
Firstly, a dynamic modelling of a scroll expander was estab-
lished and examined. The simulation result then was compared
with experimental data those were either from other published re-
searches or from the practical tests by the authors. After the
modelling being adjusted until good agreement achieved between
354 H. Bao et al. / Applied Energy 119 (2014) 351–362simulation and experiments, the expander modelling was simu-
lated with the working ﬂuid supplied by the chemisorption, and
its speciﬁc conditions were identiﬁed to satisfy the demand of
1000 W power output.
Secondly, a dynamic modelling of adsorption cycle was created
and studied independently of the expander. After the model valida-
tion with experimental data, the operating scenario of the chemi-
sorption cycle was adjusted to meet the performance
requirement of the expander, and then the dimension size of it
was determined as its capacity was thereby predicted.
Finally, the coupling-performance of the two components as a
whole cogeneration system was evaluated through the combina-
tion of two validated modelling. It is worth noting that the chemi-
sorption is endowed with distinguished dynamic characteristics
associated with chemical reaction kinetics, therefore the stationary
modelling which considers the constant inputs and outputs of
power generation with an empirical isentropic efﬁciency is inappli-
cable to the current circumstances. Afterwards, the inﬂuence fac-
tors on the overall performance were investigated by comparing
and discussing the independently individual performance and
cooperative performance of the two main components.
3.1. Adsorption cycle model
3.1.1. Kinetic model
The analogical model as expressed in Eqs. (2) and (3) were cho-
sen respectively for decomposition and synthesis [15] in this work
due to the limited information about the granulometric repartition,
porosity, and inter- and intra- granular diffusivity of the composite
of the expanded graphite impregnated with MnCl2 complex. Unlike
phenomenological kinetics describing the deeper mechanisms in-
volved in the reaction, the analogical models consider more about
the overall effect in a global way and they treat the presence of the
different materials as an equivalent single entity, which in this
work is a compound of the reactive ammoniates and the inert ex-
panded graphite.
dx
dt
¼ Ar  xMr  Pc  PeqðTÞ
Pc
ð2Þ
dx
dt
¼ Ar  ð1 xÞMr  Pc  PeqðTÞ
Pc
ð3Þ(a) 
Evaporator
three-way valve
Adsorbent
Bed 2
Condenser
Adsorbent
Bed 1
Scroll Expander
Qdes
Qref
Wout
cooling
water
Qsyn
Fig. 2. Schematic of Ad-Cogen system in two consecutive cycles, (a) Ad-Bed 1 desorwhere x is the conversion rate of the reaction, which is ideally as-
sumed in the range of 1–0 during decomposition (Eq. (2)) and from
0 to 1 during synthesis (Eq. (3)). Ar, the Affhenius factor, indicates
the correlation between the reaction velocity and the working tem-
perature. It was regarded as a constant coefﬁcient in the current
model. The exponential term Mr reﬂects the inﬂuence of the vacant
sites on the reaction progress [18]. Ar and Mr for MnCl2-ammonia
reaction were suggested by Han et al. as 0.001087 and 1.185 respec-
tively [15]. Peq is the thermodynamic equilibrium pressure corre-
sponding with the transient working temperature; Pc is the
practical constraining working pressure.
For a single chemisorption cycle, Pc in the decomposition pro-
cess was considered to be equal to the condensation pressure as
the Ad-Bed being directly connected with the condenser. The Ad-
Cogen system has the expander located in-between the Ad-Bed
and the condenser, in this instance Pc of the decomposition equal-
led to the pressure in the suction chamber of the expander.
3.1.2. Heat transfer model
Fig. 3 shows the schematic diagram of the heat transfer model
in the Ad-Bed. Although ﬁnned pipe type containers or other cylin-
drical containers may commonly be used as the Ad-bed, rectangu-
lar coordinate was employed in the present paper to simplify the
model which more focuses on global phenomena. Lumped capaci-
tance model was applied to the three components involved in the
heat transfer, including the heat transfer ﬂuid, the metallic con-
tainer wall and the reactive mixture.
The governing equations describing the energy balance of all
components are given as Eqs. (4)–(6).
mfcpf
@T f
@t
¼ _mfcpf ðT f ;in  T f ;outÞ  ðUAÞfwDT fw ð4Þ
mwcpw
@Tw
@t
¼ ðUAÞfwDT fw  ðUAÞwrðTw  TrÞ ð5Þ
X4
i¼1
micp;i
 !
@Tr
@t
mNH3DHr
dx
dt
¼ ðUAÞwrðTw  TrÞ ð6Þ
Considering the turbulent ﬂow inside the heat exchanger, there
was a large value of the heat transfer coefﬁcient between the heat
exchange ﬂuid and the container wall, which is the thin metallic
wall of the Ad-Bed with high thermal conductivity. To simplify(b) 
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ption, Ad-Bed 2 adsorption and (b) Ad-Bed 1 adsorption, Ad-Bed 2 desorption.
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Fig. 3. Heat transfer in the reaction bed.
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ling, an approximation is applied which lumps the thermal mass
of the heat transfer ﬂuid inside the ﬂow channel with the wall
and treat them as a single element, though there is temperature
difference between them [19]. Then Eqs. (4) and (5) become to
the following equations.
_mfcpf ðT f;in  T f;outÞ ¼ ðUAÞfwDT fw ð7Þ
ðmwcpw þmfcpf Þ @Tw
@t
¼ _mfcpfðT f ;in  T f ;outÞ  ðUAÞwrðTw  TrÞ ð8Þ
DTfw is the log-mean temperature difference between the heat
transfer ﬂuid and the wall, which can be calculated by Eq. (9). The
overall heat exchange coefﬁcient (UA)fw between the heat transfer
ﬂuids and the container wall and (UA)wr between the container wall
and reactive mixtures are expressed in Eqs. (10) and (11),
respectively.
DT fw ¼ T in  Tout
ln TinTwToutTw
  ð9Þ
1
ðUAÞfw
¼ 1
hfwAfw
þ dw=2
kwAfw
ð10Þ
1
ðUAÞwr
¼ dw=2
kwAwr
þ dr=2
krAwr
ð11Þ
The heat capacity of the adsorbent mixture was calculated by
Eq. (12), considering the contribution of the expanded graphite
(EG), the refrigerant (NH3) and the different MnCl2 ammoniates
(s2 denotes MnCl22NH3 and s6 for MnCl26NH3) those might exist
simultaneously; the porosity of the adsorbent compound block
was obtained with Eq. (13).
X4
i¼1
ðmcpÞi ¼ ðmcpÞEG þ ðmcpÞs2 þ ðmcpÞs6 þ ðmcpÞNH3
¼ ðmcpÞEG þmscps6x
Ms6
Ms
þmscps2ð1 xÞMs2Ms
þ qNH3VbecpNH3 ð12Þe ¼ 1 VEG
Vb
 V s
Vb
¼ 1 qEG;b
qEG
 1 fEG
fEG
 
½ms2 þ ðms6  ms2Þx
qEG;b
Ms
ð13Þ
The speciﬁc heat and the molar volume of the ammoniates (cps2,
cps6 and cpEG, ms2 and ms6) were presented by Han et al. [15]. Inten-
sive research effort on the graphite-salt compounds has proven ex-
panded graphite enhancing the heat and mass transfer properties
of the sorbent blocks as well as avoiding salt agglomeration. The
optimal mass ratio and the preferable conditions have been identi-
ﬁed to operate the chemisorption without the heat- and mass-
transfer limitation concerns [15,17,20–23]. In order to optimise
the performance and simplify the numerical modelling thereby
more focus on the combination of adsorption and expander, the
mass fraction of the EG (fEG) and the bulk density of the compound
were chosen in this work as 0.6 and 400 kg/m3, respectively. Here-
by, because of the high thermal conductivity of the graphite matrix
and non-noticeable inﬂuence of the heat transfer coefﬁcient at the
wall on the global transformation with the given mass ratio and
density, heat-transfer limitation has been reasonably neglected
[15,21]. Since only decomposition process has been studied, where
the constraint pressure is too high (>15 bar) to be evidently inﬂu-
enced by permeability and to further pose any mass-transfer difﬁ-
culty [17,21], non-mass-transfer-limitation assumption has been
taken. The physical model could be imaged as stainless steel cylin-
ders containing thin layer reactant with a thickness of 15 mm (dr).
The mass amount of the salt used should be adjusted and deter-
mined to satisfy the expansion performance for the expected
power output.3.1.3. Adsorption model veriﬁcation
As Fig. 4 showing the comparison between the experimental
data from the work done by Lu and Mazet [21] and the simulated
results in this work under the same conditions, there are good
agreement during the period of the ﬁrst 15–20 min which was ex-
actly cyclic operation time discussed in this work, otherwise the
speciﬁc cooling power (SCP) would be severely compromised.
The growing deviation with the time length and the conversion
evolvement could be explained as: the experimental data was from
synthesis where the heat- and mass-transfer limitation should be
taken into account mainly because of the low working pressure;
whereas, the presented model was engaging with decomposition
where the favourable operation conditions as discussed before,
heat- and mass-transfer limitation could be ignored. Therefore,
356 H. Bao et al. / Applied Energy 119 (2014) 351–362the presented model can be concluded as reliable in accordance
with the speciﬁc operation conditions in this work.
3.2. Scroll expander model
Table 1 summarises the parameters involved in the scroll ex-
pander modelling.
3.2.1. Volume equation
The volume of the suction chamber can be calculated by the fol-
lowing equation [24,25]:
V1 ¼ ð2S11  S12  2S13ÞH ð14Þ
where S11, S12 and S13 are expressed as follows:
S11 ¼ 16 r
2 hþ 1
2
p a
 3
 h 1
2
p a
 3" #
ð15Þ
S12 ¼ r2ðp 4aÞ Ror  2r ð16Þ
S12 ¼ r2 p 4aþ arccos p2  a
 n
 p 2aÞ sin arccos p
2
 a
 h i o
Ror  2r ð17Þ
S13 ¼ r2a h p2
 
þ 1
3
r2a3 ð18Þ
For other chambers, the volume equation is given as [24,25]:
V i ¼ pPitðPit  2tÞ hpþ 2i 3
 
H ð19Þ
where i is the chamber number counting from suction chamber to
exhaust chamber.
3.2.2. Mass equation
In the Ad-Cogen system, the inlet mass ﬂow rate of the expan-
der was determined by the desorbed ammonia rate of the chemi-
sorption cycle. However, the former one was not necessary
always equal to the latter one, because practically the dominant
factor is the inlet pressure of the expander: the quantity of the
ammonia that could pass through the expander is restricted by
the maximum limit of the pressure inside the suction chamber,
which would never ever exceed the released ammonia pressure
at the inlet of the expander. In order to create a comparative atmo-
sphere between the individual and cogeneration performance, a
set of ﬂow rates were given as an initial condition and at the same
time as the maximum limit value. Thereafter the algorithm of the
present model handled this by two options: if the inlet ﬂow rate is
acceptable by the pressure limit then the mass ﬂow rate of the ex-
pander is equal to the given value (individual mode) or the desorp-
tion rate (Ad-Cogen mode); otherwise the ﬂow rate would be
iterated until it is admissible.Table 1
Parameters for scroll expander modelling.
Parameter Value
Number of chambers 3
Basic circle radius (r) 2  103 m
Scroll pitch (Pit (=2pr)) 1.257  102 m
Orbiting radius (Ror (=Pit/2tw)) 4.083  103 m
Wrap thickness (tw) 2.2  103 m
Wrap height (H) 3  102 m
Initial angle of involute (a = tw/2/r) 0.55
Axial, radial clearance (Ca, Cr) 1  104 m
Axial, radial ﬂow coefﬁcient (fa, fr) 0.9The quantity of working gas inside the chambers can be calcu-
lated based on the mass balance:
dmi
dt
¼ _min  _mout ð20Þ
The leakage between chambers composes the radial leakage
and the axial leakage. The former leakage is caused by the gap be-
tween the scroll wrap and the bottom plate, while the latter one is
caused by the gap between the scroll wraps. The equations for ra-
dial and axial leakages are given as follows [26]:
dma;i
dt
¼ faCaLa;i 2kk 1 Piqi e
02k  e0kþ1k
  1=2
ð21Þ
dmr;i
dt
¼ 2f rCrH
2k
k 1 Piqi e
02k  e0kþ1k
  1=2
ð22Þ
where La,i is the axial clearance length, described as following
equation:
La;i ¼ 2pr½2pði 1Þ þ h ð23Þ
The pressure ratio, e0, is:
e0 ¼ Piþ1
Pi
;
Piþ1
Pi
P
2
kþ 1
  k
k1
ð24Þ
e0 ¼ 2
kþ 1
  k
k1
;
Piþ1
Pi
<
2
kþ 1
  k
k1
ð25Þ3.2.3. Temperature and pressure equations
The temperature and pressure of the working ﬂuid at the inlet
of the expander were determined by the heat source and the cor-
responding equilibrium pressure of the decomposition. Mean-
while, the back pressure of the expander was the pressure in the
downstream condenser.
The temperature of the working ﬂuid inside the expanding
chamber can be calculated based on the changing volume, the ﬂow
rate and the properties of the inlet and outlet working ﬂuid, as de-
scribed by the following equation [27]:
dT i
dt
¼ _minhin=V i _mouthi=V i½Xh
_
iðdV i=dtÞ=V iðd½X=dtÞh
_
iþPiðd½X=dtÞ=½X
½XcpPi=T i
ð26Þ
where [X] is the molar volumetric concentration and h
_
represents
the speciﬁc enthalpy on a molar basis, as being derived as follows:
½X ¼ n=V ð27Þ
h
_
¼ mh=n ð28Þ
The pressure in the chambers was then calculated on the basis of
the changing volume, temperature and mass by the following equa-
tion [27]:
dPi
dt
¼ 1
V i
dmi=dt
M
RCT i þ RC dT idt
mi
M
 Pi dV idt
 
ð29Þ3.2.4. Motion equation
The rotation of the expander is driven by the force generated
by the pressure differences between the chambers. Driving force
in each chamber can be calculated by the following equation
[24,25]:
Ft;i ¼ PitH 2ði 1Þ þ hp
 
ðPi  Piþ1Þ ð30Þ
Then, the driving torque can be calculated by Eq. (31) [24,28,29]:
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X
Ft;i ð31Þ
Taking the frictions and the rotation load into consideration, and
based on Newton’s second law of angular motion, the motion
dynamics of scroll expander can be described by [25,27]:
ðJs þ JLÞ
dx
dt
¼ Mt  ðks þ kLÞx TL ð32Þ
For a DC generator connected to the expander as a load, the torque,
TL, that caused by the electricity generation is given as [27]:
TL ¼ ktIar ð33Þ
dIar
dt
¼ ke
Lar
x Rar þ Rar;L
Lar
Iar ð34Þ3.2.5. Power equation
The technical power that generated by the expansion and the
output shaft power can be calculated by the following equations
[27]:
Powertec ¼ 
X
V i
dPi
dt
 
ð35Þ
Powershaft ¼ Mtx ð36Þ
Then the mechanical efﬁciency of the scroll expander is deﬁned
as:
gmech ¼
Powershaft
Powertec
ð37Þ3.2.6. Expander model veriﬁcation
The expander model was validated by two sets of experimental
data of two scroll expanders with different dimensions, one was
reported by Liu et al. [26] and the other from the authors’ own
tests, as shown in Fig. 5. With the lack of manufactural speciﬁca-
tion, some variables cannot be easily determined, like the leakage
clearances (Ca, Cr) and the ﬂow coefﬁcients (fa, fr) in Eqs. (21) and
(22), neither the friction coefﬁcients (ks, kL) in Eq. (32) which is
inﬂuential on the simulation performance. In this work, the former
two variables were reasonably selected based on previous works
[27,30]; however, the friction coefﬁcients of the scroll and the load
which has been barely reported in published papers, was adjusted
at a reasonable range to match the experimental results. The com-
parison between the simulation and experiments suggested a cer-
tain set of values acceptable. The test bench the authors have1000 1500 2000 2500 3000 3500
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Fig. 5. Comparison of the experimental data and simulation results on scroll
expander.tested had a generator attached with the expander through mag-
netic coupling, and because of the minimum rotation speed limita-
tion of the generator, some degree of discrepancy between
simulation and experiments was expected at low speeds as can
be seen in Fig. 5.
3.3. Performance analysis methods
The exhausted refrigerant gas from the expander was con-
densed and liqueﬁed in condenser, thereafter the liquid refrigerant
evaporated as the synthesis occurring in the Ad-Bed, thus the
refrigeration is obtained. To simplify the analysis from the perspec-
tive of a general comparison, all refrigerant released by the decom-
position was ideally assumed to be reversibly transferred and fully
adsorbed in the following sequential synthesis process. Then, the
system refrigeration COP, thermal efﬁciency gtherm, and the exergy
efﬁciency gex of the cogeneration can be calculated by:
COPref ¼ Q refQheat
ð38Þ
gtherm ¼
W þ Q ref
Qheat
ð39Þ
dEheat ¼ dQheat 1
T0
TdeðtÞ
 
ð40Þ
dEref ¼ dQ ref
T0
TrefðtÞ  1
 
ð41Þ
gex;ref ¼
Eref
Eheat
ð42Þ
gex;power ¼
W
Eheat
ð43Þ
Qref represents the refrigerant vaporisation heat,Wmeans the work
output by the scroll expander, and Qheat is the input thermal energy.
Eheat and Eref represent the exergy of the input heating energy and
the refrigeration product, respectively.
4. Results and discussions
4.1. Individual performance
4.1.1. Expander results
Figs. 6 and 7 show the dynamics variables of pressure and tem-
perature in different chambers of the scroll expander under a typ-
ical chosen condition. As shown in the ﬁgures, stabilisation of the
output only took less than 0.1 s. The ammonia ﬂow gained a pres-
sure drop around 1.4 MPa with the expansion ratio around 3.19 by
passing through the expander that studied in this work, as well as a
temperature decrease about 75 C.
With the given backpressure, the higher inlet temperature (the
inlet pressure is the corresponding equilibrium pressure of the
decomposition) or the higher ﬂow rate of the supplying ammonia
to the expander resulted in the higher rotating speed and eventu-
ally more power output. Nevertheless, the power output was sub-
jected to the collective inﬂuence of the inlet temperature and the
ﬂow rate. These two variables interacted with each other on their
impacts on the expander performance. Fig. 8 illustrates the devel-
oping trend of the expander performance in terms of the shaft
power output and the mechanical efﬁciency under different condi-
tions. Both the power output and the mechanical efﬁciency in-
creased with the increasing ﬂow rate, but they eventually halted
at certain points and thereafter remained constant irrespective of
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Fig. 6. Chamber pressure variation with 170 C inlet temperature, 2.1 MPa inlet
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358 H. Bao et al. / Applied Energy 119 (2014) 351–362the increment in the ﬂow rate. The cause of this was that there was
an upper limit for the inlet ﬂow rate at a certain inlet pressure,
since the pressure of the suction expander chamber could not ex-
ceed the inlet vapour pressure as aforementioned. At low ﬂow rate,
the raise of the inlet temperature introduced inconspicuous in-
crease in both power output and the mechanical efﬁciency,
whereas at the given ﬂow rate higher than 0.01 kg/s the gapbetween each other performance under different inlet tempera-
tures became more distinct. In this instance, it can be predicated
that continuously increasing the inlet temperature can create the
opportunity to break through the performance, on the basis of
the tendency presented by the currently available data.
To target around 1000 W electric power output, the preferable
operating condition of 170 C inlet temperature and 0.01 kg/s ﬂow
rate of the ammonia vapour, which could achieve 925W shaft
power output (Fig. 8), was identiﬁed, and the mechanical efﬁciency
of expander could obtain as high as 0.74.4.1.2. Desorption results
In a single adsorption cycle, the constraining pressure imposed
on the adsorbent compound is the saturated pressure of the
ammonia inside the condenser during the decomposition, and it
switches to the evaporator during the synthesis. The distance be-
tween the constrained state and the thermodynamic equilibrium
state of the salt complex refers to the equilibrium drop, which is
the driving force of the chemical reaction and that dominantly
determines the reaction rate. Therefore, the decomposition rate
can be speeded by increasing the equilibrium drop, meanwhile
the time duration of the reaction can also be shortened. The
evolvement of the reaction conversion and the decomposition rate
versus the time are shown in Figs. 9 and 10, respectively, with dif-
ferent heat resource temperatures.
Figs. 9 and 10 are plotted on the premise of the ﬁxed heat sink
temperature of 20 C in the condenser and the initial temperature
of the adsorbent compound at 140 C, which is the threshold state
of the decomposition of MnCl2 complex corresponding to the con-
straining pressure in the condenser. This initial condition can be
realised by isolating the adsorbent bed from the condenser until
the temperature of the former one being heated up to 140 C.
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resulting into the faster reaction rate, consequently the steeper
dropping of the reaction conversion in Fig. 9 and the more pointed
peak value of the released gas ﬂow rate at the beginning of the pro-
cess as shown in Fig. 10.
Since it was aimed to meet the demand of 1000W power gen-
eration throughout 15-min time length of the ammonia supply, the
numerical modelling were adjusted to identify the optimal operat-
ing condition of the desorption and the quantity of adsorbent com-
pound required for sufﬁcient supply. As a result, the composited
adsorbent should comprise with 330 mol (41.53 kg) of MnCl2 salt
and the 62.3 kg expanded graphite which weights 60% of the com-
pound. As shown in the ﬁgures, based on the estimation that the
temperature difference between the heat source and the adsorbent
bed was 10 C, the decomposition with 180 C heating temperature
could sufﬁciently feed the expander with the working ﬂuid at an
average ﬂow rate of 0.01 kg/s at the inlet temperature around
170 C, which meets the aforementioned requirement of power
generation. The global conversion achieved 40% for 15 min desorp-
tion process.150 160 170 180 190 200
0.000
0.002
Heating temperature (oC)
0
Fig. 11. Average decomposition rate and equilibrium pressure drop with different
heating temperature.4.2. Cogeneration performance
In cogeneration cycle, adsorbent bed, the scroll expander and
the condenser were linked in series. The constraining pressure im-
posed on the decomposition is the pressure inside the suction
chamber of the expander instead of the saturated pressure inside
the condenser.0
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Fig. 10. Decomposition rate variation with different heating temperature during
decomposition with 20 C condensation temperature.Fig. 11 shows the comparison of the working ﬂuid ﬂow rate be-
tween desorption-only mode and cogeneration mode, as well as
that of equilibrium pressure drop of the decomposition. Comparing
to the desorption-only mode, the additional existence of the ex-
pander in the downstream position inhibited the development of
the chemical reaction to certain extent, because the operation of
expander would consume part of the pressure difference between
the decomposition and the condensation. Therefore the equilib-
rium pressure drop reduced in cogeneration mode, e.g. decreasing
from about 5 MPa to 3 MPa at 180 C heating temperature. As a
consequence, the decomposition rate declined.
Typical decomposition rate reduction caused by the expander is
shown in Fig. 12. The expander fed on the unstable ﬂow rate of the
ammonia, due to the distinct chemical kinetic characteristics of the
chemisorption. There is a striking contrast of the ﬂow rate between
the two modes, and it is palpable that the decomposition rate of
the cogeneration mode ‘Cogen (i140-h180)’ features the combined
characteristics of the chemical kinetic and the rotary kinetic, and it
is lower than that of desorption-only mode ‘Des (i140-h180)’. This
reduction reﬂects the mutual restricting effect between desorption
and expansion in cogeneration mode. With the condition of heat-
ing temperature at 180 C, the average value of the ﬂow rate of ‘Co-
gen (i140-h180)’ was about 57.7% smaller than that of ‘Des (i140-
h180)’, while the best case is the former one around 47% smaller0
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360 H. Bao et al. / Applied Energy 119 (2014) 351–362than the latter one at heating temperature 200 C and the worst
case was around 72% smaller at 150 C heating temperature.
The cogeneration performance was sensitive to the increase in
heat source temperature, as shown in Fig. 13, because the heating
temperature signiﬁcantly affected the decomposition which was
also responsible for the inlet temperature and mass ﬂow rate of
the expander. The higher heat source temperature was, the stron-
ger the driving force of the decomposition became, thus the
decomposition rate of the working ﬂuid would increase conse-
quently. Meanwhile, the temperature of the vapour heading to
the expander would also corresponding raise. As a result of the col-
lective effort of the increasing ﬂow rate and the increasing inlet
temperature, the beneﬁt was multiplied, i.e. the growth of the
power output displayed in Fig. 13 is accelerating.
It can be observed that after two to three minutes stabilisation
of the expander at the beginning, the decomposition rate of ‘Cogen
(i140-h180)’ evolved with regular frequency in Fig. 12. Since the
relatively stable ﬂow rate appeared, the output power curve be-
came relatively ﬂat and stable around the peak value (Fig. 13).
However the performance at 180 C heating temperature only
achieved around 320W power output, just one third of the original
expectation by simulating the two processes separately under the
same conditions, which is shown in Fig. 8 as about 925 W. But
when the heat source temperature was up to 200 C, the cogenera-
tion mode could yield the average power output around 900W.
The combination of desorption and expansion cannot be treated
as simple superposition of the processes, the interaction between
them is mutual negative restriction, especially for the chemisorp-
tion cycle that possesses distinct chemical kinetics. This mutual
impact was the main reason why the cogeneration mode gained
lower power output than the initial expectation by calculating
the simple sum effect of the individual performance of the chemi-
sorption and the expansion. Chemisorption requires as low down-
stream pressure as possible, while the expansion expects higher
feeding pressure. This becomes contradictory and compromises
the overall performance when these two cycles link in a series loop
and they share the same pressure point but different requirements.
There is always a balance proceeding between these two cycles in
every second during the whole 15 min desorption.
Therefore, it leads to a key subject to maximise the perfor-
mance: the selection and matching work between the adsorption
system and the expander. The ﬂow rate and the thermal properties
of the supplying working ﬂuid generated by desorption cycle affect
the expansion performance signiﬁcantly which is also adversely
affecting the desorption. In the case of dis-match between these
two, vicious circles would occur regardless of either one is not sat-
isfactory for the other one. If the decomposition rate of the working0
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Fig. 13. Power output with different heating temperature in Ad-Cogen system.ﬂuid exceeds the maximum inlet of the expander, then more and
more working ﬂuid could not pass through the expander but re-
main in the adsorbent bed. And that would increase the constrain-
ing pressure of the decomposition and prevent the further
proceeding, leading to the lowering decomposition rate. The smal-
ler the decomposition rate is, the slower the expander can rotate.
Thus the even less working ﬂuid could pass through. On the other
hand, if the expander needs larger ﬂow rate, the size of the metallic
itself is correspondingly bigger and that requires stronger input to
provide sufﬁcient torque for itself rotation and simultaneous
power output. In this instance if the desorption could not offer
the working ﬂuid at the matched level of the ﬂow rate, there would
be no proper rotation and lead to poor power output.
Nevertheless, with a given expander and the same temperature
heat source, merely multiplying the scale of the desorption system
and expecting higher ﬂow rate from desorption would not assure
an equally proportional increase in the cogeneration performance.
This delusion overlooks again the interaction between the two pro-
cesses. As Fig. 8(a) indicating the inlet limit of the expander, for any
one ﬁxed temperature heat source, there is a peak value point that
the power output would stable at regardless of the continuously
increasing ﬂow rate. That is restrained by the speciﬁc dimension
of the expander. For example, even if the adsorbent bed in Ad-Co-
gen system simulated in this work is scaled up to 5 times larger but
still employing the same heat source at 180 C, the power output
cannot reach more than 520W. In this instance lifting the heat
source temperature would be more viable and more effective,
but this involves other considerations, such as more input energy
would be needed and the optimal point of it need to be identiﬁed
in order to maximum the thermal efﬁciency.
It is also worth noting that the speciﬁc geometric dimension
parameters of the scroll expander are equally inﬂuential in both
individual performance and matching work. According to the expe-
rience in this work when adjusting these parameters in the simu-
lation, even small changes of those could cause surprising
consequences in performance. Deliberately and precisely setting
up each dimension parameter would effectively improve perfor-
mance. Since the expander design is beyond the main scope of this
work, this subject would not be extended to details here.
Finally, taking the condition (i140-h180) as an example, the
performance was roughly compared between the two modes with-
in 15 min reaction time in terms of COP and thermal efﬁciency for
10 C refrigeration, respectively. In desorption-only mode, COPref
was around 0.339 with the cyclic conversion about 0.39. It is 65%
higher than what the cogeneration mode could achieve which-4.0 -3.5 -3.0 -2.5 -2.012.0
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Fig. 14. Thermodynamic cycle of the cogeneration system with four different salt
complexes.
Table 2
The performance of different salt complexes used in ideal cogeneration cycle.
Salt complexes Desorption
temperature (C)
Desorption
pressure (MPa)
Reaction enthalpy
DHr (J/mol(NH3))
COP Exergy efﬁciency
Power Refrigeration
BaCl2 (8–0 NH3) 85 2.4 37665 0.57 0.39 0.23
CaCl2 (8–4 NH3) 106 2.4 41013 0.41 0.24 0.13
MnCl2 (6–2 NH3) 175 2.4 47416 0.42 0.19 0.089
NiCl2 (6–2 NH3) 255 2.4 56160 0.34 0.14 0.056
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from the refrigeration output, the cogeneration mode had simulta-
neous work output which represents the higher grade energy and
could account for extra 0.025 contributing to the thermal efﬁciency
in Eq. (39).
Compared with APC system which has a pressure difference be-
tween the inlet and outlet of the expander around 7–11 MPa [9,10]
which is suitable for medium scale power plant. The maximum va-
lue of that in Ad-Cogen system in this work was no more than
2 MPa and that is partially the reason the scroll expander being
chosen over the turbine, and it was aimed to apply to small scale
household standalone system.
The methodology that other absorption cogeneration works
have being discussing, is usually ﬁrstly to calculate the enthalpy
difference of the working ﬂuid as it passing through the expander,
and thus to obtain the result of the ﬁnal net work by multiplying
the enthalpy difference with an empirical value of an isentropic
efﬁciency. If such an approach is applied to the Ad-Cogen system
in this work, it could expect a net work output accounting for
0.13 of thermal efﬁciency. However, more realistic modelling of
the scroll expander was studied in this work, more dynamic factors
involved not just in the expander but also in the complex chemi-
sorption cycle have been considered.4.3. Adsorbent salts selection
Because of the virtues of the innumerable candidates for
adsorption cycle, a part of the optimisation effort can be engaged
with the selection of the reactive salt complexes. Fig. 14 illustrates
the ideal thermodynamic cycles of the cogeneration system with
four different salt complexes in Clausius–Clapeyron diagram, they
are BaCl2 (cycle ABCDEA in Fig. 14), CaCl2 (FGCDHF), MnCl2 (IJCDKI)
and NiCl2 (LMCDNL) respectively in a low-to-high order of decom-
position temperature at the same working pressure. The perfor-
mance of these salts was compared on the basis of the same
amount of the ammonia cyclic transferring and the conditions of
the heat sink at 20 C and the refrigeration at 10 C. The energy
and exergy efﬁciency of each cycle were evaluated by Eqs. (38)–
(43) and summarised in Table 2.
The cycle with BaCl2 ideally offered the highest COP and exergy
efﬁciency amongst all. Observing from the Clapeyron diagram, the
one that has an equilibrium line closer to the saturated line of
ammonia can be driven by the lower heat source but provide high-
er pressure of vapour ammonia, therefore it leads to the improve-
ment of the energy and exergy efﬁciency. Thus, the salt complexes
BaCl2 and CaCl2 are theoretically more preferable than MnCl2 stud-
ied in this work. Beyond the former two there is a great deal of po-
tential salt complexes can be taken into consideration, however,
there is still an optimal point of the cogeneration performance. If
the equilibrium line of the salt complex is too close to the ammo-
nia line, the performance of synthesis related with the evaporation
refrigeration would be compromised, because of insufﬁcient pres-
sure difference.
Therefore, the following reasons are summed up for the
relatively low power output in this work, (1) a small-scalecogeneration unit was discussed and that is also the purpose
choosing the scroll expander in this work, however a turbine
would be more applicable for medium scale power plant; (2) dif-
fering from the absorption, the more complex chemisorption
involving the coupling of thermodynamic and chemical kinetics
is naturally unable to generate stable working ﬂuid at a constant
ﬂow rate, which would affect the expander performance and fur-
ther inﬂuence the global performance; (3) the mutual constraint
between the chemisorption process and the expansion process,
and the dis-match between them, is one of the dominant causes;
and (4) elaborately selecting the adsorbent salt complex would
be helpful to improve the performance.5. Conclusion
The novel combination of the chemisorption cycle and the scroll
expander for refrigeration and power cogeneration, which is prom-
isingly coping with the globally concerned issues of the scarce en-
ergy and the global warming, has been for the ﬁrst time
investigated with numerical simulation model in this work. Driven
by low grade heat, this concept with two sets of chemisorption cy-
cle working out-of-phase can realise cooling and electricity contin-
uous and simultaneous generation.
With the aid of the validated numerical modelling, performance
evaluation of the Ad-Cogen system was carried out. It was found
that under the same heat source condition, the performance of
the cogeneration mode was inferior to the simple sum of the indi-
vidual performance of the adsorption part plus the expansion part,
which only generated about 320 W power compared to the ex-
pected value around 1000 W. It was mainly because of the strong
mutual constraint between them, which was partially attributed
to the dis-match between the adsorption part and the expansion
part and non-optimal dimension design of the scroll expander.
The compromise between them reduced the global performance.
Alternatively, with the given expander, increasing the heat source
temperature and if necessary at the same time scaling up the
chemisorption part in order to achieve better match is potential
to optimise the global performance. Moreover, there are various
potential candidates of reactive salt complexes readily for the
improvement of the Ad-Cogen system.
The viability of the Ad-Cogen system as a refrigeration-and-
electricity cogeneration system was simulated and demonstrated.
Considering the tremendous potential of Ad-Cogen system
addressing all the energy, environmental and economic issues
those have been encountered by the conventional refrigeration
and power generation technologies, more fundamental research
and the essential exploration urges more effort to guide the prac-
tical system design and the optimisation work, thus to further val-
idate and extend the application of the Ad-Cogen system.
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